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PREFACE

The series of manuals on techniques describes procedures for planning and
executing specialized work in water-resources investigations. The material is
grouped under major subject headings called books and further subdivided into
sections and chapters; section A of book 3 is on surface-water techniques.
The unit of publication, the chapter, is limited to a narrow field of subject mat-
ter. This format permits flexibility in revision and publication as the need
arises.

Provisional drafts of chapters are distributed to field offices of the U.S.
Geological Survey for their use. These drafts are subject to revision because of
experience in use or because of advancement in knowledge, techniques, or
equipment. After the technique described in a chapter is sufficiently developed,
the chapter is published and is sold by the Superintendent of Documents, U.S.
Government Printing Office, Washington, D.C. 20402.
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Complex rating

Control

Digital descriptors

Fall

Gage height

Gage height of zero flow

Index-velocity rating

Permanent control

Point of zero flow

Scalloping

Shape curve

Shift adjustment

Shifting-control method
Simple rating

Slope rating

GLOSSARY

Definition
Automatic data processing used to compute the discharge records for stations
equipped with digital recorders

Stage below which all discharge is confined to the main channel and above which

diathdlige

part of the flow occurs in overbank areas of the flood plain

Discharge rating that relates discharge to stage plus some other independent
variable such as rate of change in stage or fall in a reach between two gages

Closest section or reach of a channel downstream from a gage, usually a natural
constriction or artificial weir, where the channel is shallower, narrower, or rougher
than it is elsewhere and where the water-surface slope is significantly steeper

Set of coordinates (usually gage heights and dependent variables), or the coeffi-
cients and exponents for some type of equation, that describes a curve of relation
digitally for convenient use with a computer or calcutator

Difference between the water-surface elevations of two locations on a stream,
usually base and auxiliary gage sites for a slope station

Water-surface elevation referred to some arbitrary gage datum; gage height is often
used interchangeably with the more general term “stage,” although gage height is
more appropriately used for reading on a gage

Gage reading corresponding to infinitesimal discharge at a gaging station; the gage
height of zero fiow is often used interchangeably with the “point of zero fiow,”
which is more appropriately used for a physical location in the streambed near the
gage

Complex rating in which a point velocity in a cross section is used as an indicator
of mean velocity in the section

Natural or artificial control, the location and dimensions of which remain unchang-
ed for very long periods

See Gage height of zero flow

Undesirable discharge rating characteristic in which the straight-line segments of a
logarithmic rating curve, plotted by using rectangutar coordinates, billow upward
between nodes at the descriptor points; corresponding rating table shows erratic

differences in discharge for each 0.10-ft difference in gage height

Curve similar in shape to that of a rating curve being developed, usually a previous
rating or, for a new site, one derived form weir formulas or channel measurements

Adjustment, usually varying with time and stage, applied to gage heights to com-
pensate for a change in the rating shape or position

Systematic use of shift adjustments as a substitute for revised ratings

Discharge rating that relates discharge to stage only

Complex rating that relates discharge to gage height at one gage (base gage) and
to the fall in water-surface elevation between the base gage and an auxiliary gage

at another site

IX



X

Stable channel

Stage

Unstable channel

V diagram

WATSTORE User's Guide

GLOSSARY

Channel whose discharge rating remains unchanged for relatively long periods of
time, generally between major floods

Gage height

Channel whose discharge rating is changed frequently by minor rises or, in alluvial
channels, continually during all flow conditions

Graphic representation of the relation between shift adjustment and time or stage
Volumes 1 and 5 of a set of instruction manuals regarding the format of data input

to the ADP system used for discharge-record computation (Hutchison and others,
1975, 1980)
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SYMBOLS

Definition
Constant
Coefficients for polynomial rating equations where thesubscript n indicates the degree of the x term
to which the coefficient applies (y=a,+a,x +a,x2...)
Constant used to indicate the slope of a log rating curve (ratio of horizontal distance to vertical
distance)
Value of a,, in a one-curve equation for index-velocity rating, that makes Q,=Q,
Stage-related coefficient (Q,,/Qp) In a two-curve analysis of index-velocity rating
Value of aq in a one-curve index-velocity rating, usable in a variation of the shifting-control method for
one-curve index-velocity ratings, that applies at the time of a specific discharge measurement
Rate of change in stage; aiso J
Gage-height scale offset used for a log rating curve plot; where the log curve is a straight line, e is the
effective gage height of zero flow
Fall, or difference in water-surface elevation, between two points on a stream
Fall measured by gage readings
Rating-fall value from a rating curve or table
Gage height or stage
Gage height of the point of zero flow (PZF)
Rate of change in stage (also dh/dt); J is a more convenient symbol to use in an equation, especially in
the numerator or denominator of a fraction
Channel conveyance
Length of a channel reach
Base 10 logarithm
Discharge measurement or its serial number
Manning roughness coefficient or constant-fali value other than 1.00
Column number in a computation sheet
A constant in a rating equation equal to Q when (G —¢) is 1.0 ft
Point of zero flow; the lowest point on the controlling section of a stream channel
Discharge in general
Discharge adjusted by a rating factor
Discharge from a base rating
Discharge flowing into a channel reach
Measured discharge
Discharge flowing out of a channel reach
Discharge from a rating
Hydraulic radius (area/wetted perimeter) of a cross section
Slope of energy gradient
Energy-gradient slope for steady-flow conditions measured at the same stage as Q,,
Velocity of a wave front at a specific stage
Mean velocity
Meter reading of index velocity or vane deflection
Average stream width in a reach of channel
Value measured as an abscissa on a plotted curve
Vailue measured as an ordinate on a plotted curve
Term in the “Boyer equation” used for one type of rating (rate of change in stage) and also used as the
name of the rating method
Change in discharge (Q,-Q,) at the ends of a channel reach caused by storage in the reach
Storage effect (Q,— Q,) in a channel reach, per unit rate of change in stage, used as the name of a
rating method

XI
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DISCHARGE RATINGS AT GAGING STATIONS

By E. J. Kennedy

Abstract

A discharge rating is the relation of the discharge at a gag-
ing station to stage and sometimes also to other variables.
This chapter of “Techniques of Water-Resources Investiga-
tions” describes the procedures commonly used to develop
simple ratings where discharge is related only to stage and
the most frequently encountered types of complex ratings
where additional factors such as rate of change in stage,
water-surface slope, or index velocity are used. Fundamen-
tal techniques of logarithmic plotting and the applications
of simple storage routing to rating development are dem-
onstrated. Computer applications, especially for handheld
programmable calculators, and data handling are stressed.

Introduction

Most of the factors that affect the quality of
a streamflow record are either determined by
natural conditions or costly to improve. How-
ever, the hydrographer can greatly improve
the quality of records through skillful use of
proper procedures in the data analysis. The
principal component of the data analysis—and
the subject of this manual—is the discharge
rating.

Discharge records for gaging stations are
generally computed by applying a discharge
rating for the site to a continuous or periodic
record of stage. A discharge rating is the rela-
tion of discharge to stage and sometimes also
to such variables as rate of change in stage,
fall in a reach between gages, vane deflection,
index velocity, gate opening, or turbine pres-
sure differential.

A rating analysis is basically a process in
which the data from a series of discharge mea-
surements are plotted on graph paper, a curve
defined by the measurements drawn, and a
table prepared from the curve. Other data
items might include bankfull stage, the dates
of artificial changes to the channel or of floods
that may have scoured or filled the channel,
notes desecribing the presence or absence of
backwater sources, and field surveys or other
information defining the general shape of the
rating curve.

Most ratings relate discharge to gage height
only and are called simple ratings. A simple
rating may be only one curve but is more often
a compound curve consisting of three seg-
ments, one each for the low-, medium-, and
high-water (or overbank) ranges. These seg-
ments of a compound curve may be connected
by short transition curves. A complex rating is
one that relates discharge to stage plus some
other independent variable, usually either the
rate of change in stage at one gage or the fall
in a reach between two gages. Complex ratings
usually have a stage-discharge relation curve
plus one or more supplementary curves.

The purpose of this chapter of “Techniques
of Water-Resources Investigations” is to ena-
ble the hydrographer to develop, with the least
amount of effort, a discharge rating whose
quality matches that of the available data.
Logarithmic plotting, the channel-storage ef-
fect, the relation of various types of data to the
rating, and the use of computers are stressed.
Some complex rating situations that are rarely
encountered are well described in published re-
ports or manuals. Rating procedures for these
special methods are mentioned only in general
terms in this manual, and the detailed reports
are given as references. Ratings for such uni-
versally used equipment as flumes and weirs,
so well covered in handbooks by Brater and
King (1976) and others, have been omitted.

Development of discharge ratings requires
relatively minor applications of hydraulic
theory, a greater amount of “handed-down”
lore that applies mainly to streams in the gen-
eral area, and a considerable amount of data
manipulation. The data-handling aspect is em-
phasized in this manual. The procedures de-
scribed are generally the simplest that apply
to each type of rating but are not necessarily
the only approaches. The methods used are
mostly computer-based variations of standard,
time-honored procedures. They apply to or can

1



2 TECHNIQUES OF WATER RESOURCES INVESTIGATIONS

be modified to fit nearly all stream sites that
are likely to be gaged. No attempt is made to
credit the many hydrographers who first de-
scribed the techniques that are demonstrated
or those who subsequently added refinements.

Basic Concepts

A discharge rating is analyzed by applying
some elementary arithmetic and algebraic pro-
cesses and certain basic concepts of open-chan-
nel flow to the available field data. Familiarity
with the basic concepts will allow a hydro-
grapher to plan the rating analysis in logical
steps and proceed with the least possible effort
to develop a rating that makes the best use of
all the data.

Controls

The relation of stage to discharge is usually
controlled by a section or reach of channel
below the gage, known as the station control,
which eliminates the effect of all other down-
stream conditions on the velocity of flow at the
gage. Section controls may be either natural or
constructed and may consist of a ledge of rock
across the channel, a boulder-covered riffle, an
overflow dam, or any other physical feature
capable of maintaining a fairly stable relation
between stage and discharge. Section controls
are often effective only at low discharges and
are completely submerged by channel control
at medium and high discharges. Relatively flat
alluvial channels may have no section control
at any discharge. Channel control consists of
all the physical features of the channel that de-
termine the stage of the river at a given point
for a certain rate of flow. These features in-
clude the size, slope, roughness, alinement,
constrictions and expansions, and shape of the
channel. The reach of channel acting as the
control may lengthen as the discharge in-
creases and thus may introduce new features
affecting the stage-discharge relation.

Knowledge of the channel features that con-
trol the stage-discharge relation is important in
developing stage-discharge curves. If more
than one control is effective and if the number
of measurements is limited, interpolation be-
tween measurements and extrapolation beyond
the highest measurements will require much
judgement, particularly if the controls are not

permanent and if various discharge measure-
ments represent different positions of the
stage-discharge curve.

When a stream overflows its banks, the con-
figuration of, and perhaps the vegetation on,
the flood plain affects the discharge rating, and
the control becomes a combination of these fea-
tures and those of the main channel.

As an earlier discussion stated, a discharge
rating is often a compound curve consisting of
three segments—one for low flow (section con-
trol), one for medium flow (channel con-
trol),and one for overbank high-water flow
(combined channel and flood-plain control).

Gage height of zero flow

The stage that would occur at a gaging sta-
tion if the discharge were infinitesimal is the
gage height of zero flow (GZF). It is also de-
fined as the gage height of the point of zero
flow (PZF), the highest point on the thalweg
(the longitudinal thread of the stream that fol-
lows the deepest point in each cross section)
downstream from the gage. GZF can be mea-
sured by levels where the section control is ar-
tificial or naturally well defined and perma-
nent. Otherwise, GZF should be measured at
the time of each low-water wading measure-
ment at an unstable channel site and less fre-
quently in a relatively stable channel. GZF is
usually measured by taking soundings along
the thalweg near the control and subtracting
the minimum thalweg sounding from the gage
height. An accuracy of GZF measurement
within a tenth of the sounding depth is possible
over a smooth control. Errors may be much
greater over a rough, boulder-lined control or
where flow is great enough to obscure the con-
trol's location. A rough estimate of GZF for an
alluvial channel that has no evident controlling
section can be made by subtracting the deepest
sounding in a wading measurement from the
gage height. All GZF determinations should in-
clude the hydrographer’s estimate of probable
error. The logarithmic scale to be used in a
rating analysis and the shape of the low-water
rating curve are closely related to GZF, and
a rigorous analysis of an unstable channel rat-
ing cannot be made wtihout determining GZF
for most of the low-water discharge measure-
ments.
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Channel-storage effect

The measuring section or control for a gag-
ing station may be a considerable distance from
the gage. If that distance is great enough, the
effect of channel storage on the discharge mea-
surements or on the rating must be accounted
for. A long stream reach having no tributaries
has almost the same discharge at all locations
only during periods when the water-surface
elevations in that reach remain constant. If the
water surface is rising or falling, the dis-
charges at various locations may differ signific-

-antly because some of the flow is going into or

coming out of storage in the channel.

If the inflow to the stream reach shown in
figure 1 is greater than the outflow, the differ-
ence between inflow and outflow must be
stored in the channel. The water surface must
rise sufficiently during the period of imbalance
to provide for the storage. Conversely, when
the water surface is falling, the outflow must
include the water coming out of storage and
must be greater than the inflow. For a given
reach, the relation between inflow and outflow
depends on the rate of change in water-surface
elevation and the average water-surface area
in the reach. The general storage equation is

_ LxWxJ
3,600

where Q; is inflow in cubic feet per second, Q,
is outflow in cubic feet per second, L is the
length of reach in feet, W is the average width
of reach in feet, J is the average rate of change
in water-surface elevation (positive for rising
stage and negative for falling stage) in feet per
hour, and Q;—Q, is sometimes called AQ.

Qi—

General storage equation

)
XWX W 0O
0-0,= 4500 o

Change in storage
volume per hour
fLXWxJ)

Change in water-surface

\lilevation per hour

{J)

-
)
oo

FIGURE 1.—Hypothetical stream-channel reach illustrat-
ing changing channel storage effect.

For the reach shown in figure 1, an inflow
of 1,500 ft¥s, and an outflow of 1,000 ft%s, the
rate of change in water-surface elevation is
computed as

3,600 x 500 x J
3,600

1,5600—1,000=

Therefore, J= +1.0 ft/hr.

For the same reach, an inflow of 1,000 ft%/s,
and a water surface falling at 0.5 ft/hr, the out-
flow is computed as
3,600 x 500 < (—0.5)

3,600

1,000 - Q,=

Therefore, Q,=1,250 ft%/s.

If the discharge @, of a stream whose aver-
age width W is 180 ft is measured as 1,000 ft¥/s
at a site 10,000 ft downstream from the gage
while the water surface is falling 0.33 ft/hr at
the gage and 0.27 ft/hr at the measuring site
(average 0.30=/J), the discharge Q; at the gage
is computed as

10,000 x 180 x (—0.30)
3,600

Q;—1,000 =

Therefore, Q;=850 ft%/s.

The storage equation is used most frequently
to adjust high-water discharge measurements
made at a remote location while the stage is
changing. The effect of storage on low-flow dis-
charge measurements may be significant even
where the rate of change in stage and the dis-
tance involved are surprisingly small, particu-
larly for any large gage pool whose inflow was
measured while the gage height was still fal-
ling after the control had been cleaned.

Channel storage is the dominant factor in de-
fining rate of change in stage ratings covered
in a subsequent section of this manual. For
that type of rating, the storage reach falls be-
tween the gage and a control whose location
may vary with stage. Graphic trial-and-error
methods are used instead of the equation to
evaluate storage, but the basic concept is the
same.

Data limitations

Some rating curves would seem to fit the
data more closely if one or two of the discharge
measurements were eliminated from the analy-
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sis. Sometimes an outlier measurement is obvi-
ously and seriously in error, but, often, the
measurement is satisfactory and important to
the rating analysis. Low- and medium-water
measurements are normally made by using
standard procedures, and their errors rarely
exceed 5 percent. A flood measurement, on the
other hand, may be made at night and may in-
volve road overflow or concealed culvert flow,
rapidly changing stage, improvised equipment,
drift, or other conditions that reduce accuracy.
Even these measurements are rarely in error
by more than 10 percent. A stream may be so
flashy that the best possible measurement may
consist of only a few surface velocities, and the
error may be as much as 15 percent. Indirect
measurements are not usually made unless the
conditions promise accuracy within about 20
percent. Such relatively large variations from
the ratings are acceptable for measurements of
these types. Summer flood measurements,
made while inundated trees and brush are
covered with leaves, tend to plot to the left of
winter flood measurements, but this seasonal
effect can be corrected by shifting-control ad-
justments and should not be confused with
measuring error.

Unsynchronized base and auxiliary gage tim-
ers at slope stations may make an outlier out
of an otherwise good discharge measurement
made while the stage was changing rapidly.
Such discharge measurements can be corrected
if the timing errors can be determined closely,
but it is desirable to make measurements at a
slope station only while the stage is relatively
constant.

Base and auxiliary datum errors are present
at most slope stations and may cause erratic
plotting of the extreme low-water measure-
ments. Even first-order levels that are run to
establish datum differences between gages 10
mi apart may have errors as great as 0.06 ft.
Datum agreement can be checked at a site
where ponded conditions occur throughout a
slope reach during periods of negligible flow,
when base and auxiliary gages set to the same
datum should read the same. A sluggish intake
at one gage or the other can affect the mea-
sured fall and cause a discharge measurement
to plot erratically.

Discharge measurements at gaging stations

where rate of change in stage is a rating factor
pose a special problem if the gage-height re-
cord is subject to surging or bubble-gage step-
ping. The plotting position of this type of mea-
surement depends on a substantial changing-
stage adjustment as well as on the measured
discharge, and a measurement can plot as an
outlier if its adjustment is based on gage read-
ings distorted by surging or stepping. This fac-
tor can be eliminated by manually smoothing
a graphic gage-height record or by using a
smoothing  option, described in  the
WATSTORE User’s Guide (Hutchison and
others, 1975, 1980) for the primary computa-
tion of records for stations with rate of change
in stage rat-ings. If a smoothed gage-height re-
cord is used for daily discharge computation,
the same smoothed record must be used to plot
and adjust the discharge measurements.

No discharge measurement, made either by
current meter or indirectly, should be disre-
garded (left with an unaccountably high per-
centage difference from the rating) without a
good reason. Disagreement with other mea-
surements is generally not reason enough. If
an outlier measurement is truly in error, the
reason for the disparity often can be disco-
vered. The hydrographer should check the
arithmetic of an outlier measurement, compare
the mean gage height with recorded and out-
side gage heights, compare the plotted cross
sections and velocity distributions for several
measurements made at the same site, consider
the possibility of backwater, and check the
equipment used. If these checks and others in-
dicate that the outlier is a valid discharge mea-
surement, it should be given appropriate
weight in the analysis.

Use of computers and calculators

The procedures demonstrated in this manual
include logarithmic interpolation between curve
coordinate points, fitting equations to curves,
and some repetitive chains of arithmetic for
trial-and-error solutions. The long manual com-
putations required by these operations can be
performed rapidly with a handheld card-prog-
rammable calculator and even faster with more
elaborate computers.



DISCHARGE RATINGS AT GAGING STATIONS 5

Mathematical and statistical packages are
available as accessories for most programmable
calculators. These packages contain instruc-
tions and program cards or modules for stan-
dard operations, including linear and polyno-
mial regression for curve fitting. Nearly all
rating-related computations can be performed
by using the U.S. Geological Survey’s central
computer facility through an appropriate termi-
nal and the National Water Data Storage and
Retrieval System (WATSTORE). Instructions
for preparing input for logarithmic interpola-
tion between rating coordinates (RATLIST)
and the analysis of some complex ratings (for
example, rate of change in stage and slope) are
included in the WATSTORE User’s Guide
(Hutchison and others, 1975, 1980).

A relatively inexpensive, handheld, card-
programmable calculator with a large capacity
for storage is particularly helpful for rating
analysis, used either alone or as a supplement
to more elaborate computers. The most useful
program, available from U.S. Geological Sur-
vey personnel, for several makes and models,
stores coordinates for a logarithmic rating and
displays the discharge for any gage height that
is entered and, conversely, the gage height for
any discharge that is entered.

Plotting

A major part of a discharge rating analysis
consists of plotting the gage heights and mea-
sured flows from relevant discharge measure-
ments, drawing average or weighted curves
based on the measurements and related data,
and preparing the discharge rating in a format
suitable for use in processing streamflow re-
cords. The actual analysis for ratings extending
to near-zero flow is usually done on work-
sheets, which may be discarded after the final
results are plotted neatly on one master curve
sheet for reproduction and permanent filing.

Gage height, the independent variable, is al-
most always plotted as the ordinate (Y axis) in
hydraulic usage, contrary to standard conven-
tion. Because of this practice, the slope of the
rating curve is the cotangent of the vertical
angle (the ratio of the discharge increment to
the gage-height increment, or X/Y) rather than
the customary tangent (Y/X).

Rectangular grids

A curve of rectangular coordinates is the
simplest and clearest graphic illustration of the
relation between two variables. Rectangular
plotting is usually appropriate for the low-
water part of a master rating sheet and for
some or all of the master curves in a complex
slope rating. A curve that is developed on a
logarithmic grid should always be replotted on
rectangular paper and checked for reasonable
shape before use. In general, however, a
stage-discharge relation curve should not be
plotted exclusively on a rectangular-grid work
curve sheet.

Logarithmic grids

Logarithmic (log) plotting paper has some
advantages over other types of grids that make
it the principal tool for graphic rating analysis.
A log rating curve has curvature, slope, and
an intercept that are related to channel charac-
teristics. Parts of a log-log curve or, in some
instances, the entire curve can be straightened
by adjusting the gage-height scale. A straight
line on log paper represents a curve that can
be described exactly by very few numbers or
as a simple equation, convenient for com-
puteror calculator use, and that is extended
more readily than a curved line. Techniques for
the use of log plotting are relatively simple and
are essential for developing all types of dis-
charge rating curves.

Straight-line rating curves

Figure 2 illustrates a rating curve plotted on
a logarithmic grid. The gage-height values
have been reduced before plotting by a con-
stant value e, and, thus, the curve plots as a
straight line. The magnitude of e, called the
gage-height scale offset, is determined by one
of several methods explained in the next sec-
tion but usually approximates the gage height
of zero flow. The slope of the straight-line rat-
ing can be determined graphically, as figure 2
shows, by drawing a vertical line one unit long
starting at the rating curve and scaling the
horizontal distance from the end of that line to
the rating curve. The horizontal distance is the
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b is the slope of the straight line.

e is the constant which when subtracted from G will
result in a straight line on logarithmic paper for the
plot Q vs (G—e ). The value of e’ is usually the gage
height of zero flow or the effective GZF. The value of
“e" used, or any other constant that is subtracted
from G is called the ‘“Scale Offset.”

is the gage height.

Qo d®

is the discharge.

is the intercept equal to Q when (G—¢e ) is equal to 1.0.

The general equation for curves of this type is
Q=P (G—e)b
The equation of the curve shown is Q=125 (G-e)"’

FiGurRe 2.—Hypothetical discharge rating plotted as a straight line
on a logarithmic grid.

slope of the line, the exponent of the rating
equation, and an indicator of the type of con-
trol. A slope greater than 2.0 generally indi-
cates a section control, and a slope less than
2.0 indicates that a channel control is likely. A
straight-line log rating usually can be extended
upward but not beyond the stage where the
channel changes shape (for example, at a ter-
race or at bankfull stage).

Adjustment of logarithmic scales

Figure 3A illustrates a “normal” logarithmie
scale. Gage heights plotted to this scale first
must be adjusted by subtracting the scale
offset e to make the logarithmic plot of the rat-
ing curve a straight line. Conversely, this scale
offset must be added to any value picked